Fungal plant pathogens secrete effector molecules to establish disease on their hosts, and plants in turn use immune receptors to try to intercept these effectors. The tomato immune receptor Ve1 governs resistance to race 1 strains of the soil-borne vascular wilt fungi Verticillium dahliae and Verticillium albo-atrum, but the corresponding Verticillium effector remained unknown thus far. By high-throughput population genome sequencing, a single 50-Kb sequence stretch was identified that only occurs in race 1 strains, and subsequent transcriptome sequencing of Verticillium-infected Nicotiana benthamiana plants revealed only a single highly expressed ORF in this region, designated Ave1 (for Avirulence on Ve1 tomato). Functional analyses confirmed that Ave1 activates Ve1-mediated resistance and demonstrated that Ave1 markedly contributes to fungal virulence, not only on tomato but also on Arabidopsis. Interestingly, Ave1 is homologous to a widespread family of plant natriuretic peptides. Besides plants, homologous proteins were only found in the bacterial plant pathogen Xanthomonas axonopodis and the plant pathogenic fungi Colletotrichum higginsianum, Cercospora beticola, and Fusarium oxysporum f. sp. lycopersici. The distribution of Ave1 homologs, coincident with the presence of Ave1 within a flexible genomic region, strongly suggests that Verticillium acquired Ave1 from plants through horizontal gene transfer. Remarkably, by transient expression we show that also the Ave1 homologs from F. oxysporum and C. beticola can activate Ve1-mediated resistance. In line with this observation, Ve1 was found to mediate resistance toward F. oxysporum in tomato, showing that this immune receptor is involved in resistance against multiple fungal pathogens.
fungus | genomics | elicitor | pathogen-associated molecular pattern T hroughout evolution, pathogenicity toward plant hosts independently emerged on multiple occasions in diverse taxa harboring plant-associated microbes, including bacteria, oomycetes, and fungi (1) . At the same time, plant genomes evolved to encode immune receptors that sense various types of microbial invaders by detection of microbial molecules or their plant-manipulating activities (2) (3) (4) . Cell-surface receptors, referred to as "pattern recognition receptors" (PRR), detect conserved microbial molecules, referred to as "microbe-associated molecular patterns" (MAMPs), to activate MAMP-triggered immunity (MTI). Successful plant pathogens overcome MTI by the use of secreted effectors, many of which have molecular targets inside host cells, which perturb host defenses in a proactive manner (4, 5) . In turn, plants evolved to intercept the activity of particular pathogen effectors through novel receptors that are generally referred to as "resistance proteins." Although some of these resistance proteins have been characterized as cell-surface receptors, most of them are cytoplasmic proteins of the nucleotide-binding leucine-rich repeat type that again activate inducible host defenses, referred to as "effector-triggered immunity" (ETI) (4, 6) . Nevertheless, the delineation between MAMPs and effectors, as well as between MTI and ETI, is blurred and rather a continuum (3) .
The acquisition of particular effector genes in microbial genomes has resulted in emergence of pathogenicity, or in hostrange expansion (7) (8) (9) . Novel effectors can be acquired in various ways, including gene duplication and subsequent diversification. Expansion of effector families is especially striking in plant pathogenic oomycete species that harbor large repertoires of RXLR and Crinkler effectors (9) (10) (11) . Substantial expansion of effector gene families has also been observed in the genomes of the fungal plant pathogens Ustilago maydis and Blumeria graminis (12) (13) (14) . Interestingly, effector genes are frequently found in regions that are enriched for transposable elements that may provide a mechanism for amplification and diversification of effectors in pathogen genomes (9, 14, 15) .
Novel effectors can also be acquired through horizontal gene transfer (HGT), which involves the transmission of genetic material across species boundaries. The extent to which HGT contributes to genome evolution in eukaryotes is not clear, but multiple reports have proposed that HGT occurred regularly among eukaryotic plant pathogens (8, (16) (17) (18) . Moreover, recent evidence for frequent HGT events between fungi and oomycetes suggests that HGT facilitated the evolution of plant parasitism in oomycetes (17) .
Verticillium dahliae is an asexual soil-borne, xylem-invading, fungal plant pathogen that is responsible for vascular wilt diseases in over 200 dicotyledonous plant species, including economically important crops, such as tomato (19, 20) . A typical infection starts by penetration of the root, after which the fungus enters the xylem and starts to produce conidia that are carried with xylem to distal plant parts (19) . In only a few plant species, monogenic sources of resistance toward Verticillium wilt have been described, including the Ve locus from tomato that controls race 1 V. dahliae and Verticillium albo-atrum strains (21) (22) (23) (24) . The resistance is mediated by the Ve1 gene that encodes a predicted receptor-like protein-type cell-surface receptor (23, 25) . Strains that are not contained by the Ve locus are assigned to race 2 and are generally less aggressive on tomato plants that lack Ve1 compared with race 1 strains (26, 27) . This finding suggests that Ve1 recognizes a virulence factor in race 1 strains that is absent in race 2 strains.
Various methods have been used to identify pathogen effectors that activate host immune receptors. Whereas in sexually propagating fungi genetic mapping can be used, in asexual fungi most approaches are based on functional screens for a hypersensitive response (HR): tissue necrosis as culmination of a strong immune reaction (28) (29) (30) . So far, attempts to identify the V. dahliae effector that triggers Ve1-mediated resistance have been unsuccessful. In this study, we performed a unique comparative population genomics approach, by applying high-throughput population genome sequencing, to identify the V. dahliae effector that activates tomato Ve1.
Results
Comparative Population Genomics Identifies Verticillium Effector Ave1. Recently, the genome of the V. dahliae race 2 strain VdLs17 was sequenced using Sanger technology and determined to be ∼34 Mb, with ∼10,500 predicted genes (31) . In this study, we determined the genome sequences of 10 V. dahliae strains, four of which belonged to race 1 and six to race 2. For each strain, ∼11 million paired-end Illumina reads, representing a predicted 30× genome coverage based on the VdLs17 reference genome sequence, were de novo assembled into draft genomes of ∼34 Mb ( Table 1 ). The completeness of the genomes was assessed by the core eukaryotic gene-mapping approach (32) . We subsequently aligned race 1 scaffold and contig sequences with all race 2 sequences, including the VdLs17 reference genome, and all unaligned race 1 sequences were retained. This process revealed a small number of race 1 scaffolds that were larger than 1 Kb and that did not align to race 2 sequences. Further comparisons between the race 1-specific sequences revealed a single 50-Kb region that was shared by all race 1 strains ( Fig. 1) and that contains 68 predicted ORFs (>180 nucleotides), including 10 that encode putative secreted effectors.
To validate the bioinformatic ORF prediction in the 50-Kb race 1-specific region, deep RNA sequencing was performed on a time course of Nicotiana benthamiana plants infected by race 1 strain JR2 (Table S1 ). For each sample, ∼25 million paired-end reads were mapped onto the JR2 genome. Although over 8,000 V. dahliae genes were expressed, reads mapped only to a single locus in the 50-Kb race 1-specific region that was called Ave1, for Avirulence on Ve1 tomato. RACE PCR experiments confirmed that the Ave1 gene model spans 582 bp and comprises two exons that are interrupted by an intron in the 5′ UTR ( Fig. 1 and Fig  S1A) . Ave1 encodes a predicted 134 aa secreted (D > 0.8) protein, and based on the RNA-Seq reads it was determined that Ave1 expression is induced during host colonization, a characteristic of typical effector proteins ( Fig. S1B) (5, 33) .
Verticillium Ave1 Is a Virulence Factor That Activates Ve1-Mediated Resistance. We subsequently performed functional analyses to prove that Ave1 is the V. dahliae effector that is recognized by tomato Ve1. First, heterologous expression of Ave1 using Potato Virus X resulted in a HR only on Ve1 tomato (Fig. S2 ). This recognition was confirmed by Agrobacterium tumefaciens mediated transient expression assays in Nicotiana tabacum, showing that coexpression of Ave1 with Ve1, but not with Ve2, resulted in HR ( Fig. 2A) . We subsequently performed genetic deletion and complementation experiments in V. dahliae to confirm the role of Ave1 in activating disease resistance. As expected, targeted deletion of Ave1 in race 1 V. dahliae strain JR2 resulted in gain of virulence on Ve1 tomato (Fig. 3A) , but subsequent complementation of the deletion strains using a genomic fragment including 1.5 Kb up-and downstream of the Ave1 coding sequence (pAve1::Ave1) restored avirulence on Ve1 tomato (Fig. S3A ). In addition, complementation of the V. dahliae race 2 strains VdLs17 and Dvd-S26 with pAve1::Ave1 resulted in loss of virulence on these plants (Fig. 3B) . Collectively, these experiments provide solid evidence for a role of Ave1 as elicitor of disease resistance mediated by the Ve1 immune receptor in tomato. According to the paradigm that plant immune receptors intercept pathogen virulence factors, it was expected that Ave1 acts as a virulence factor on tomato plants lacking Ve1. To test this hypothesis, Ave1 deletion strains were inoculated on ve1 tomato plants, showing that Ave1 deletion strains displayed markedly reduced aggressiveness on tomato plants lacking Ve1 (Fig. 3A and Fig. S3A ). Compared with the wild-type fungus, inoculation with Ave1 deletion strains resulted in reduced stunting and fungal colonization (Fig. S3B) . Conversely, complementation of race 2 strains and Ave1 deletion strains with pAve1::Ave1 resulted in significantly increased virulence on tomato plants lacking Ve1 (Fig. 3B and Fig. S3A) .
We have recently shown that Ve1 remains fully functional after interfamily transfer to the Brassicaceous model plant Arabidopsis thaliana, as Ve1-transgenic Arabidopsis is resistant to race 1 but not to race 2 strains of V. dahliae and V. albo-atrum (24) . To confirm that Ave1 activates Ve1-mediated resistance in Arabidopsis, we inoculated the Ave1 deletion strains along with the corresponding wild-type race 1 V. dahliae on wild-type and Ve1-transgenic Arabidopsis plants (Fig. S4A) . Whereas Ve1-expressing Arabidopsis were resistant to the wild-type race 1 strain, resistance was broken using Ave1 deletion strains. As expected, resistance was restored by complementation of the Ave1 deletion strains with pAve1::Ave1. Our results confirm that in Arabidopsis, similar to tomato, Ve1-mediated race 1 resistance is activated by Ave1 (Fig.  S4A) . Interestingly, complementation with pAve1::Ave1 enhanced the virulence of a race 2 strain on Arabidopsis plants, demonstrated by a significant increase in fungal colonization, suggesting that Ave1 acts as a virulence factor also on Arabidopsis (Fig. S4B) .
Absence of Ave1 Allelic Variation in a Collection of Verticillium
Strains. To analyze Ave1 diversity, we sequenced 85 alleles from Verticillium strains isolated from various host plants and different geographical locations (Table S2) . Intriguingly, no SNP was found in the 85 Ave1 alleles tested. Interestingly, an Ave1 allele was amplified from the sequenced V. albo-atrum strain VaMs102 (31) that, based on BLAST analysis, was thought not to contain Ave1. Likely, Ave1 is lacking in the genome assembly as a consequence of the low coverage of sequencing (31) . The finding that V. albo-atrum Ave1 alleles are identical is remarkable as V. dahliae and V. albo-atrum share only 92% nucleotide sequence identity, with only 0.3% identical genes (31) . As expected, Ave1 alleles were not identified in any of the 19 Verticillium race 2 strains analyzed nor in the 32 V. dahliae and 3 V. alboatrum strains that are not pathogenic on tomato (Table S2) .
Gene Distribution Strongly Suggests that Ave1 Was Horizontally
Acquired from Plants. Interestingly, not a single fungal homolog of V. dahliae Ave1 was identified in BLASTp analysis. Remarkably, however, over 200 Ave1 homologs were identified in plants. In addition, an Ave1 homolog has previously been identified as the virulence factor XacPNP in the plant pathogenic bacterium Xanthomonas axonopodis pv. citri, causal agent of citrus canker (34) . Further in-depth analysis with tBLASTn revealed an unannotated Ave1 homolog in the genome of the tomato pathogenic, xylem-invading fungus Fusarium oxysporum f. sp. lycopersici, designated FoAve1, and two homologs in the genomes of the fungal pathogens Colletotrichum higginsianum and Cercospora beticola, designated ChAve1 and CbAve1, respectively. To assess the evolutionary relationships between the various Ave1 homologs, V. dahliae Ave1 (VdAve1) was aligned with FoAve1, ChAve1, CbAve1, XacPNP, and the 50 most homologous plant proteins (Fig. S5) . Phylogenetic analysis applying maximum likelihood indicated that VdAve1 shares common ancestry with ChAve1, CbAve1, and five closely related plant proteins from the taxonomically diverse species grape (Vitis vinifera), castor bean (Ricinus communis), and tomato (Solanum lycopersicum), as well as with XacPNP, although the latter protein is significantly divergent (Fig. 4) . FoAve1 clusters in a distinct clade that contains 11 proteins from poplar (Populus trichocarpa), soybean (Glycine max), grape, and castor bean (Fig.  4) . All proteins share four cysteine residues that are likely involved in disulphide bridges that contribute to protein stability upon secretion (Fig. S5) . It has previously been suggested that X. axonopodis pv. citri acquired XacPNP from plants by horizontal gene transfer (34) . The abundance of Ave1 orthologs in plants, combined with the absence of orthologous sequences in fungi other than F. oxysporum f. sp. lycopersici, C. higginsianum, and C. beticola similarly suggests that Verticillium horizontally acquired Ave1 from plants. Robust phylogenetic analysis reveals evolutionary relationships between Ave1 homologs that contradict species phylogeny, which is generally considered as evidence for HGT (17, 18) (Fig. 4 and Fig. S5 ). Additional evidence for HGT can be found in the genomic context of Ave1. The recent genome comparison between V. dahliae strain VdLs17 and the highly homologous V. albo-atrum strain VaMs102 revealed four lineage-specific regions (LS1-LS4) that are absent in VaMs102 (31) . These regions are highly enriched in transposable elements, supporting their plasticity (31) . Interestingly, the race 1-specific region harboring Ave1 is physically associated with LS3 ( Fig.  S6A) and is characterized by a Ty1-copia retro-transposon immediately adjacent to Ave1 and variability in GC content (Fig. S6A) .
FoAve1 is located on chromosome 14 of the F. oxysporum f. sp. lycopersici genome, a lineage-specific chromosome that is proposed to be responsible for pathogenicity toward tomato (35) . Various transposable elements flank FoAve1 (Fig. S6B ).
FoAve1 Is Restricted to F. oxysporum f. sp. lycopersici. F. oxysporum as a species includes morphologically indistinguishable pathogenic as well as nonpathogenic strains. Despite the broad host range of the species, individual strains typically infect only a single or a few plant species and are assigned to formae speciales based on host specificity (35, 36) . To investigate whether Ave1 is restricted to the formae specialis lycopersici, we assessed the presence of FoAve1 in other formae speciales of F. oxysporum. However, FoAve1 was exclusively detected in tomato pathogenic F. oxysporum f. sp. lycopersici strains (Table S2) . We subsequently assessed the allelic variation of FoAve1. In 72 F. oxysporum f. sp. lycopersici strains tested FoAve1 was identified and determined to be identical.
Homologs of V. dahliae Ave1 Are Recognized by Ve1. We have previously argued that the Ve1 receptor shares traits with MAMP receptors, such as CEBiP, CERK1, FLS2, and EFR (3, 24) . The identification of Ave1 homologs in a number of fungal pathogens allowed testing this hypothesis. Intriguingly, A. tumefaciens mediated coexpression of Ve1 with FoAve1 and CbAve1, but not with ChAve1 in N. tabacum induced HR, demonstrating that tomato Ve1 recognizes Ave1 homologs from four distinct fungal pathogenic species; V. dahliae, V. albo-atrum, F. oxysporum, and C. beticola (Fig.  2B) . Remarkably, coexpression of Ve1 with the Ave1 homolog from tomato, SlAve1, in N. tabacum also induced HR (Fig. 2B) .
The finding that coexpression of Ve1 with the Ave1 homolog from the tomato pathogen F. oxysporum f. sp. lycopersici, FoAve1, induces HR allowed us to test whether Ve1 confers resistance also to this pathogen. Therefore, we inoculated nontransgenic MoneyMaker (LA2706) tomato plants, which lack resistance against V. dahliae and F. oxysporum, and Ve1 transgenes (21) with F. oxysporum f. sp. lycopersici (Fig. 5) . A clear disease reduction was observed on Ve1 plants, demonstrating that Ve1 confers resistance to F. oxysporum f. sp. lycopersici.
Discussion
In tomato, resistance against race 1 strains of the vascular fungi V. dahliae and V. albo-atrum is mediated by the cell-surface receptor-like protein Ve1 (21) . Unfortunately, traditional approaches used in the past to identify the Verticillium effector that activates Ve1-mediated resistance in tomato, including the biochemical characterization of protein fractions that induce necrosis in resistant plants (28) (29) (30) and heterologous in planta expression of pathogen cDNA libraries (37) were unsuccessful. In this study, we employed a unique approach to identify the avirulence protein that corresponds to Ve1, making use of highthroughput sequencing. To this end, we sequenced the genomes of multiple Verticillium race 1 and race 2 strains. Comparative analyses revealed only a single 50-Kb sequence stretch that was specifically present in race 1 strains, containing only a single ORF that was highly expressed in planta. Functional analysis of this locus, named Ave1, confirmed that it encodes the effector that is recognized by Ve1. Thus, our study shows that population genomics can be used as a powerful tool for the identification of novel avirulence components in complex fungal genomes. Pathogen effectors are typically lineage-specific, meaning that generally no homologs occur in other species, and often not even in all strains of the same species (5). Thus, it was expected that homologs could not be found in other fungal species. Surprisingly, BLASTp analyses identified many Ave1 homologs in plants, several of which are annotated as expansin-like proteins that share a conserved family-45 endoglucanase (EG45-like) domain with cell wall-loosening expansins (38) . Other Ave1 homologs are characterized as plant natriuretic peptides (PNPs) (39) . Natriuretic peptides were originally identified in vertebrates where they have been implicated in the maintenance of osmotic and cardiovascular homeostasis (40) . In plants, PNPs are mobile signaling molecules that are secreted in the apoplast, particularly under conditions of biotic and abiotic stress, and that play an important role in the regulation of water and ion homeostasis and consequently can affect many downstream processes, including photosynthesis (39, 41) . Our analyses have shown that Ave1 acts as a potent virulence factor of Verticillium, not only in tomato plants that lack the Ve1 resistance protein, but also in Arabidopsis. Possibly, modulation of water and ion homeostasis by Ave1 increases the sap stream in the xylem, leading to accelerated host colonization. In addition to the many plant homologs, a homolog was identified in the citrus canker pathogen, X. axonopodis pv. citri, that was previously characterized as a bacterial virulence factor (34, 42) . XacPNP is thought to mimic PNPs by manipulating the physiology of the host, including water homeostasis, stomatal opening, and photosynthesis to promote bacterial proliferation (42) . The presence of numerous Ave1 orthologs in plants, absence of orthologs in fungi other than F. oxysporum f. sp. lycopersici, C. higginsianum, and C. beticola, and the association of Ave1 with a flexible genomic region containing various transposable elements in the genome, strongly suggest that Verticillium acquired Ave1 from plants through HGT. Despite similar ancestry of VdAve1, phylogenetic analysis of ChAve1, CbAve1, and XacPNP suggests that direct transfer between Verticillium, C. higginsianum, C. beticola, and X. axonopodis is unlikely because these plant pathogens infect different hosts, occupy distinct niches within these hosts, and are thus unlikely to encounter each other.
Eventually, in-depth analyses revealed unannotated Ave1 homologs in the genomes of the plant pathogenic fungi, F. oxysporum f. sp. lycopersici, C. higginsianum, and C. beticola. Verticillium spp., F. oxysporum and C. higginsianum belong to the Sordariomycetes, whereas C. beticola belongs to the Dothideomycetes. Both classes comprise many other plant pathogens with sequenced genomes such as the Sordariomycetes Fusarium graminearum, Fusarium solani, Fusarium verticillioides, Colletotrichum graminicola, and Magnaporthe oryzae and the Dothideomycetes Mycosphaerella gramincola and Leptosphaeria maculans (15, 35, (43) (44) (45) (46) . Ave1 is not found in these close relatives, nor was it detected in F. oxysporum formae speciales other than lycopersici. Interestingly, our phylogenetic analysis identified distinct origins for VdAve1, ChAve1, and CbAve1 on the one hand, and FoAve1 on the other hand, suggesting independent HGT events. Independence of the HGT events is further supported by different transposable elements flanking the Ave1 loci in Verticillium and Fusarium and the absence of Ave1 homologs in closely related fungi. Recently, a large phylogenomic analysis involving six plants species and 46 fungal species identified four plant-to-fungus HGTs, suggesting that genetic exchange between plants and fungi occurs more often than previously thought (16) .
We have noted that Ve1 has traits of a PRR that acts in MAMP-triggered immunity (3, 24) . This finding was based on the observation that Ve1 resistance affects two fungal species, V. dahliae and V. albo-atrum, involvement of the PRR coreceptor BAK1/SERK3 in Ve1 signaling, the relatively weak nature of Ve1-mediated resistance, the existence of Ve1 homologs in various plant families, and the transferability of Ve1 across plant families. Our present evidence showing that FoAve1 and CbAve1 are also recognized by Ve1, and that Ve1-expressing tomato is resistant to F. oxysporum, further substantiates its role as a PRR and further adds to the notion that PRRs and R proteins cannot strictly be separated and should be considered as a continuum (3) .
The Ave1 gene is fully conserved in all race 1 Verticillium strains that were tested, suggesting that identical alleles are required for maximum virulence. Deletion of Ave1 from the genome imposes a significant virulence penalty, because Ave1 acts as a virulence factor not only on tomato, but also on Arabidopsis. The absence of Ave1 in race 2 Verticillium strains explains earlier observations that race 1 Verticillium strains are more aggressive on ve1 tomato than race 2 strains (26, 27) . FoAve1, like Ave1, is fully conserved in all F. oxysporum f. sp. lycopersici tested, suggesting that FoAve1 is crucial for the virulence of F. oxysporum f. sp. lycopersici.
Materials and Methods
Verticillium Genomics. V. dahliae genomic DNA was isolated from conidia that were harvested from 10-d-old cultures grown on potato dextrose agar. Library preparation (500-bp inserts) and Illumina sequencing (100-bp pairedend reads) was performed at the Beijing Genome Institute (BGI, Hong Kong). Draft genome assemblies and the VdLs17 reference assembly (31) were compared all versus all by MUMMER3 (47) to identify race 1-specific sequences as described in SI Material and Methods.
For deep transcriptome sequencing, 3-wk-old N. benthamiana plants were inoculated with strain JR2, as previously described (21) , harvested at 4, 8, 12, and 16 d postinoculation, and flash-frozen in liquid nitrogen. Total RNA was extracted using the RNeasy Mini Kit (Qiagen). cDNA synthesis, library preparation (200-bp inserts), and Illumina sequencing (90-bp paired-end reads) was performed at BGI and the obtained reads were mapped on the draft JR2 genome using Tophat (48) as described in the SI Materials and Methods.
Ave1 Functional Analysis. For heterologous expression, we cloned VdAve1 in the binary pSfinx vector (29) and performed A. tumefaciens mediated transformation on tomato plants (47) . For constitutive expression, Ave1 homologs were cloned in the modified, Gateway compatible, pBIN variant pSol2092, and Ve1 and Ve2 were used in pEarleyGate100 and pMOG800 (21, 49) . A. tumefaciens mediated transformation of N. benthamiana was performed as described previously (50) . Ave1 knock-outs in V. dahliae were generated by cloning of the Ave1 flanking sequences in pRF-HU2 (51) . For genomic complementation Ave1 and flanking sequences were cloned in pRW1P (52) . Also see SI Materials and Methods.
Ave1 Protein Sequence Analysis. Ave1 homologs were identified in public databases by BLAST analyses (SI Materials and Methods and Table S3 ), and phylogenetic analyses were conducted as described in the SI Materials and Methods.
Ave1 Allelic Variation. To determine the allelic variation, the coding sequence of Ave1 from 85 race 1 V. dahliae strains and two V. albo-atrum strains and of FoAve1 from 72 F. oxysporum f. sp. lycopersici strains (Table S2 ) was amplified and sequenced using primers VdAve1F (AAGGGGTCTTGCTAGGATGG) and VdAve1R (TGAAACACTTGTCCTCTTGCT) and primers FoAve1-F (TCCCTTTTC-ACGCTCCTACT) and FoAve1-R (GACAGATGCAGATTGCTGGA) respectively.
